Magnetic proximity effects in single crystalline Ni x Mn 100−x /Ni(/Co) bilayers on Cu 3 Au(001) are investigated for in-plane (IP) and out-of-plane (OoP) magnetization by means of longitudinal and polar magneto-optical Kerr effect (MOKE). Attention is paid to the influence on concentration-and thickness-dependent antiferromagnetic (AFM) ordering (T AF M ) and blocking (T b ) temperatures as well as the exchange-bias field (H eb ). For all the Ni x Mn 100−x films under study in contact with IP Ni, increasing T AF M is observed with decreasing Ni concentration from ∼50 to ∼20%, whereas only a slight change in T AF M is observed for the OoP case. Between ∼28% and ∼35% Ni concentration, a crossover temperature exists below which T AF M for IP samples is higher than for the OoP ones and vice versa. T b is higher for the IP case than for OoP except for an equi-atomic NiMn film, while H eb increases significantly for both magnetization directions with decreasing x. These results are attributed to: (i) a rotation of the non-collinear 3Q -like spin structure of Ni x Mn 100−x from the more-OoP to the more-IP direction for decreasing Ni concentration when x is decreased, along with an associated increased magnetic anisotropy (MA), and (ii) a smaller domain wall width within the Ni x Mn 100−x films at smaller x leading to a smaller thickness required to establish exchange bias at a fixed temperature.
INTRODUCTION
Antiferromagnetic (AFM) materials play a major role in magnetic thin film devices such as magnetic hard-disk read heads [1] and magnetic random-access memories [2] , which revolutionized the information technology during the past two decades. In such devices, the role of an AFM thin film is to fix the adjacent ferromagnetic (FM) layer magnetization along a particular direction as a reference layer by the exchange-bias (EB) effect. This EB phenomenon manifests itself as a shift in the hysteresis loop of the FM along the field-axis [3] . Despite its high technological importance in magnetic data-storage devices and extensive studies, the detailed mechanism for the effect is still elusive. This is partly due to the limited knowledge of the AFM and FM layer's contribution to the exchange interaction at the interface of both layers. In some early important models [4] [5] [6] , including the one presented by the discoverer of the EB effect [7] , one of the basic requirements to get EB is that the magnetic anisotropy energy of the AFM should be larger than the interfacial exchange energy [8] , i.e., K AF M t AF M ≥ J IN T , where J IN T = JS F M S AF M cos(θ) and J is the exchange constant, S F M and S AF M are respectively the FM and AFM spins, and θ is an angle between them. In most of the theoretical models describing the EB effect, one of the key assumptions is a collinear spin configuration of the AFM layer at the interface. However, practically, there are several AFM materials which have non-collinear spin structures, for instance, FeMn [9] [10] [11] and NiMn [12, 13] are reported to have non-collinear three-dimensional spin structures which can give rise to EB in both in-plane (IP) and out-of-plane (OoP) directions when coupled to an FM layer in the respective magnetization directions. Nogués et al. reported that the exchange bias strongly depends on the spin structure at the interface, especially on the angle between the FM and AFM spins [14] . Also a direct observation of the alignment of FM spins by AFM spins in the system Co/LaFeO 3 [15] and a spin reorientation near the AFM interface with the antiferromagnetic spins rotating in IP direction (parallel to the spins of the FM layer) in Co/NiO(001) bilayers [16] demonstrate that in EB systems the spin configuration of the FM as well as of an AFM layer near the interface may significantly deviate from that in the bulk. An important property of an AFM alloy film that could affect the interfacial spin structure or the exchange interaction at the interface is its chemical composition. The FM film, on the other hand, could influence the bilayer properties by the so-called magnetic proximity effect. Different magnetization directions may lead to a different spin structure in the AFM layer. These may be different for different Ni concentrations in Ni x Mn 100−x . No systematic studies showing an impact of both these factors on the interfacial spin structure exist, at least not for single-crystalline exchange-bias systems.
NiMn as an AFM thin film alloy has received special attention due to superior technologically relevant properties compared to other Mn-based AFM binary alloys [17] . It is known that bulk NiMn has different crystal structures for different chemical compositions of its constituents, namely a face-centered tetragonal crystal structure with lattice constant ratio of c/a < 1 for nearly equi-atomic concentration [18] [19] [20] , whereas the crystal structure is found to be very sensitive to the Ni concentration in the range of 13%-40%: an fcc cubic lattice undergoes a tetragonal distortion, either c/a < 1 or c/a > 1, or an orthorhombic distortion at lower temperatures [21] . In literature, one can find some work indicating a connection between the Ni x Mn 100−x crystal structure and its spin structure. It was shown experimentally that for equi-atomic concentration, bulk NiMn has an L1 0 -type spin structure with Mn spins pointing perpendicular to the c axis (along the [100] direction), whereas the possibility that Mn moments point along the [110] direction was not excluded [18] . For Ni 28 Mn 72 , the spin structure is non-collinear and three-dimensional [12] . Similar results are obtained theoretically for ordered and disordered Mn-based AFM alloys in general [22] , which might be true for Ni x Mn 100−x as well. The spin structure of Ni x Mn 100−x in thin film form has not been directly addressed yet.
When using conventional methods such as neutron diffraction or susceptibility measurements, data cannot be acquired with sufficient signal to obtain the ordering temperature of AFM thin films directly due to lack of material. Therefore an indirect way is adopted here by observing the influence of an FM thin film on an AFM layer with the help of a more sensitive technique such as the magneto-optical Kerr effect (MOKE). However, for an AFM layer with a complicated three-dimensional non-collinear spin structure doing so would mean to be sensitive only to one out of two components of the AFM spin, namely the one along the magnetization of the FM layer. That is to look at the only one face of the picture! To get the complete picture it is necessary to couple such an AFM layer with an adjacent FM layer, the magnetization of which can be manipulated in both IP and OoP directions.
The magnetic proximity effect has not been studied for Mn-based alloys. For equi-atomic NiMn (FeMn) AFM thin films coupled to Ni, the antiferromagnetic ordering temperature T AF M for OoP Ni magnetization has been reported to be up to 110 K (60 K) higher than for IP magnetization [13, 23] . But this may be different when changing the chemical composition of the AFM. Here we address the influence of the alloy composition of Ni x Mn 100−x as an AFM thin film coupled to an FM Ni layer on the magnetic properties of the system. As in Refs. [13, 23] , we manipulate the magnetization direction of the Ni layer into IP and OoP direction by a Co underlayer. We suggest that changing the Ni concentration changes its spin structure, which is accompanied by a change in the magnetic anisotropic energy as well.
EXPERIMENTAL ASPECTS
The experiments were performed under ultra-high vacuum (UHV) conditions where the pressure was lower than 5 × 10 −10 mbar. The single-crystalline face-centred-cubic (fcc) mT, respectively [13] . The longitudinal MOKE measurements could be recorded from the minimum available temperature (140 K), but polar MOKE measurements were only possible from 300 K onwards because of too high coercivities, higher than the maximum of the external magnetic field (±200 mT). From Fig. 1 (a) , one can observe the temperature-dependent behaviour of H C and H eb for the IP sample. The loops are clearly shifted to the negative side of the magnetic field axis. At the minimum temperature (140 K), the value of H eb is more than twice that of H C . The IP exchange-biased loops are not of rectangular shape but rather tilted ( Fig. 1 (a) ). At the blocking temperature (T b ), the temperature where EB vanishes (here ∼420 K, pink color), the tilted shape of the hysteresis loops is changed to a more rectangular one. The reason for the tilted shape of the exchange-biased loops could be a locally different coupling strength at the interface of the bilayer. The higher the difference between the pinning strength of the local uncompensated spins is, the more the loops are tilted. From a careful look at the loop of 400 K (dark green color), one can see that it is slightly shifted to the right side, providing a small positive EB. This kind of small positive EB just below T b is observed for most of the IP samples with Ni concentration between ∼28%
and ∼38%, and will be described and discussed later. As the temperature is increased, H eb decreases for both IP and OoP samples, as expected. For the same temperature of 300 K, the value of H C for the OoP case is much higher than for the IP one, while the H eb values are comparable.
In the absence of exchange coupling between the AFM and the FM layers, H C of the FM layer alone would decrease monotonically with increasing temperature, with a certain small slope. We observe, in contrast, for most of the IP as well as OoP films a discontinuity in the slope of H C versus temperature, which is typical for AFM/FM bilayer exchangedcoupled systems [23] [24] [25] . The point at which this discontinuity of temperature-dependent for exchange bias is selected to be the point on the temperature axis at which H eb vanishes. temperature with a large H C , and a second one at higher temperature with a smaller H C .
Due to the high H C associated with a tilted loop shape, it was not possible to measure the [23] . This kind of crossing could not be observed for T b except for the thickest equi-atomic NiMn film, which exhibits a higher T b for the OoP sample than for the IP one ( Fig. 3 (b) ). For all other Ni concentrations, T b is always higher for the IP case than for the OoP one ( Fig. 3 (b) ).
Note that the thickness required for the onset of EB at a certain temperature is significantly reduced by decreasing the Ni concentration from ∼50 to ∼20%. For example, for ∼35 ML equi-atomic NiMn, T b is ∼200 K, whereas it is ∼300 K for ∼12 ML Ni in bulk polycrystalline form when the Ni concentration is decreased from 40% to 10% [17] .
Owing to its non-collinear 3Q spin structure [9] [10] [11] , FeMn has similar properties as found here for Ni x Mn 100−x , which we assume to have a non-collinear spin structure similar to FeMn.
In Refs. 23 and 24, a similar increase in T AF M by decreasing the Fe concentration for IP measurements has also been found for FeMn. Like in our result for Ni x Mn 100−x , only a small variation in T AF M is observed for OoP magnetization when changing the Fe concentration in FeMn [25] . (Fig. 4(a) ) and OoP direction (Fig. 4(b) [28] . The inset of Fig. 4 (a) For OoP samples (Fig. 4 (b) ), again due to the limitations in the external magnetic field
and larger H C 's, lower temperature measurements were not possible except for the thinnest Fig. 5 (a) ), it is evident that for Ni concentrations of ∼22% and ∼28 % the IP samples have higher T AF M 's than the OoP ones, whereas the reverse is true for ∼38% and ∼50% Ni concentration. The arrows on some points indicate that these points are only the lower limit for T AF M , which could be even higher. A summary of T b 's is given in the lower panel ( Fig. 5 (b) ). T b is higher for IP 
DISCUSSION
In our previous publication [13] , we have concluded from the very similar features in the MEED oscillations as well as from identical LEED patterns and the perpendicular lattice constants obtained from LEED-I(V) measurements for Ni grown either directly on the bare K higher than that of the unstrained bulk material [30] . Similarly, in Ref. [31] , the variation of the lattice constant ratio c/a resulted in a marked shift of T N for YMnO 3 . Thus it is plausible in our system that the concentration-induced strain in Ni x Mn 100−x grown on 12-13 ML Ni/∼2 ML Co/Cu 3 Au(001) plays a role in changing its magnetic properties.
Along with a brief calculation, Kawarazaki et al. have provided the first direct experimental evidence for a 3Q spin structure in an fcc antiferromagnetic Ni 28 Mn 72 alloy [12] . Like in Ref.
12, since our sample is also a disordered alloy for other than equi-atomic concentrations, it is very likely that some Mn moments, depending on their near-neighbor atomic configuration and the concentration, deviate from the exact directions of the 3Q alignment.
Based on the 3Q spin structure of Ni x Mn 100−x , we propose the following model (shown in Fig. 6 ) to explain our results: We suggest that the 3Q spin structure of Ni x Mn 100−x deviates, driven by composition-dependent strain [32] , from more-OoP to more-IP along with an increased magnetic anisotropy when decreasing the Ni concentration from ∼50 to ∼20%. Ni x Mn 100−x , the spins could be along more-OoP or more-IP directions. Fig. 6 (c) is the basis of our suggested model. It shows the situation when the spins are tilted towards more IP direction by decreasing the Ni concentration from ∼50 to ∼20%.
The equi-atomic ordered state of NiMn has most probably a non-collinear spin structure such that its spins make a very small angle with the OoP direction [13] , with a large OoP component and a small magnetic anisotropy. Due to the latter, EB is small and can only be seen at the thickest equi-atomic NiMn film (Fig. 2) . In this sample, the antiferromagnetism of the NiMn layer manifests itself mainly in an enhancement of H C , which is almost twice as large for the OoP coupling than for IP coupling for all temperatures and thicknesses. We suggest that decreasing the Ni concentration rotates the AFM spins from a more-OoP towards a more-IP direction associated with an increase in the magnetic anisotropy energy (MAE) (Fig. 6 (c) ). In the assumed 3Q spin structure of Ni x Mn 100−x , a larger IP uncompensated spin component at the step edges of islands is expected compared to the OoP component in the flat terraces (Fig. 6 (b) ) when reducing the Ni concentration along with an increased MAE. Consequently, due to stronger coupling at lower Ni concentrations, higher values of T AF M , H eb , and T b are obtained for the IP coupling compared to the OoP case ( Fig. 2-Fig.   5 ).
Besides the interfacial coupling strength, from our proposed model it is also possible to explain the reason for the concentration-dependent cross-over of the T AF M of Ni x Mn 100−x for IP versus OoP coupling (Fig. 3) . At lower Ni concentration the increased number of the nearest neighbour Mn atoms gives rise to a stronger average Mn-Mn interaction (J AF M )
which should lead to a high T AF M independent from the magnetization direction. An answer to the question why T AF M then is higher for the IP case than for the OoP case at lower values of x can be simply given by the supposedly modified spin structure of Ni x Mn 100−x in our proposed model. That is, by decreasing x, the intrinsically rotated spin structure of Ni x Mn 100−x (more IP) becomes thermally more stable when coupled to an IP magnetized Ni film than to an OoP one. By saying this, we mean that after coupling with the IP Ni layer, the intrinsically more IP Ni x Mn 100−x spin structure is compelled to be further or even completely directed along the IP direction at the interface. Then Ni x Mn 100−x is thermally more stable compared to the case when it is coupled to OoP Ni, where its spin structure deviates away from the intrinsic (more-IP) direction. A converse situation is supposed to occur for the equi-atomic concentration where NiMn has a higher T AF M when coupled to the OoP FM layer than to the IP one (Fig. 4 (a) ). After coupling with an OoP Ni layer, the intrinsically more OoP Ni 50 Mn 50 spin structure is compelled to be further or even completely directed along the OoP direction. Here Ni 50 Mn 50 is thermally more stable compared to the case when it is coupled to IP Ni, where its spin structure deviates away from the intrinsic (more-OoP) direction. We can thus speculate that Ni x Mn 100−x is thermally more stable when its spins are aligned along its intrinsic equilibrium spin structure. The observation of a higher T AF M when coupled to an OoP-magnetized FM film than in the IP case for equi-atomic NiMn [13] and for FeMn [23] have been suggested to be due to the distorted 3Q spin structure [13, 25] .
Our findings can be further discussed with the help of Refs. 13, 23, and 25. Initially, for (Co/)Ni/FeMn/Cu(001) the higher value of T AF M in the OoP direction compared to the IP direction has been suggested to be due to the higher coupling strength in the former case [23] .
However Fig. 7 (a) ), H C and T AF M both increase with decreasing Ni concentration whereas for the OoP case (Fig. 7 (b) ), H C (T ) increases but T AF M has no clear trend as the Ni concentration is decreased. This is apparently very similar to the results reported for FeMn coupled to OoP Ni [25] . But in our case (Fig. 7) , along with the number and direction of the AFM spins, another factor, namely, the magnetic anisotropy, also may change (increase) when decreasing the Ni concentration. Therefore, the enhancement of the coercivity in both IP and OoP direction could be either due to any or all of these three factors, i.e, the number and direction of AFM spins, and the magnetic anisotropy of the AFM. Similarly, we cannot conclusively say which of these three mentioned factors dominates the behaviour of T AF M in both IP and OoP coupling directions.
Our findings seem to be the experimental verification of theoretical predictions by Mitsumata et al., who have investigated the spin structure of a Mn-based AFM layer coupled to an FM layer, and have proposed a mechanism for EB within the framework of a classical
Heisenberg model [22] . A collinear spin structure formed in an ordered L1 0 -type Mn-based alloy AFM results in only the enhancement of coercivity of the FM layer without any EB [22] . On the other hand, a Mn-based binary alloy composed of a disordered γ-phase AFM layer showed a non-collinear spin structure, caused by the geometric frustrations in the AFM layer, which is responsible for the magnetization loop shift after coupling with an adjacent FM layer [22] .
Within the domain of our model, we can discuss our data with respect to Malozemoff's perpendicular [4, 5] as well as Mauri's planar domain wall model [6] for the AFM layer in FM/AFM exchange-biased systems. In both models, the critical thickness of an AFM layer for the onset of EB is determined by the magnetic anisotropy energy in the AFM layer. A large anisotropy constant (K AF M ) directly reduces the critical thickness of AFM to establish EB. In Mauri's domain wall model, the AFM layer thickness at which EB appears is said to be the point where the AFM layer is able to accommodate a planar domain wall, with a typical width of ∼ 200Å [34] . Our results for the IP coupling show that the onset of EB is at ∼12 ML (∼22Å) below 240 K, which is likely too small to accommodate such a planar domain wall within the AFM layer. From this, it could be inferred that a planar domain wall may not be responsible for EB in our system. No such thickness restrictions apply to perpendicular domain walls. They would provide a similar explanation to our results as has been reported for Ir 25 Mn 75 [34] . However, some of the thickness-and concentration-dependent features of our system, e.g., saturation of T b and T AF M (Fig. 2-Fig. 5 ), nevertheless favour the existence of Mauri's planar domain wall [6] . The planar domain wall width may not be constants, respectively, of the AFM layer. Considering A AF M as constant for both IP and OoP directions at constant Ni concentration in Ni x Mn 100−x , higher K AF M will reduce the domain wall width whether it is parallel or perpendicular. The reduction of the parallel domain wall width means that the thickness required to establish EB becomes smaller.
Numerical calculations suggest that the reduction of critical thicknesses for the onset and saturation of H eb is influenced by the spin structure in the AFM layer [37] . The critical thickness is proportional to the AFM domain wall width, and thinner AFM domain walls are obtained in the non-collinear spin structure of the Mn-based AFM layer as compared to ordered L1 0 -type layer with the AF-I spin structure [37] . This very much supports our model, since for the IP coupled part, for which we assume a more non-collinear 3Q-like spin structure with larger IP component than the OoP one when lowering x in Ni x Mn 100−x , we get EB at a smaller thickness of the AFM layer compared to higher Ni concentrations (see, for example, Fig. 5 ). The only disagreement is that Mitsumata et al. assumed an AF-I spin structure (with spins along the c axis) for ordered L1 0 -type AFM layers, whereas we suppose that the spin structure for our AFM film could be still three-dimensional, but with spins turned more towards the OoP direction. The OoP part may exhibit a similar behaviour of achieving EB at smaller Ni x Mn 100−x thickness, but from our data we can not say this for sure as it was not possible to see H eb at lower temperatures due to the experimental limitations in the external magnetic field. Recently, Mitsumata et al. have generalized their work and theoretically proven that the case of an AFM domain wall might not be equivalent to that of FM domain walls, and that the AFM domain wall width could be significantly smaller than that of the FM [38] . The AFM thickness required to establish EB could be about 1/ √ 3 times smaller for any kind of AFM material having a non-collinear spin structure as compared to the ones with collinear spin structure [38] . We observe that for IP and OoP magnetization at the lowest Ni concentration (∼ 20%), H eb and T b saturate at much lower Ni x Mn 100−x thicknesses ( Fig. 5 (a) and (b) ). For example, T AF M and T b both are saturated at ∼32 ML Ni 22 Mn 78 (∼6 nm), which is much smaller than the reported values of [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] nm [39] and >20 nm (only for EB saturation) [40] for polycrystalline equi-atomic NiMn.
The discussion above favours thus the idea of the coexistence of perpendicular and planar domain walls within the AFM layer. It is important to mention that the planar domain wall does not need to be a complete "wall" like in ferromagnets; it could also describe the local twisting of a vertical spring connecting pinned uncompensated moments sitting in some depth in the AFM layer and rotating uncompensated moments at the interface to the FM layer.
The peak in coercivity close to the temperature where H eb significantly starts to increase ( Fig. 2 (a) ) is intuitively simple to understand. In the case of an AFM with small anisotropy, when the FM spins rotate, they drag most of the AFM spins, hence increasing the coercivity.
For a large AFM anisotropy at lower temperatures and lower Ni concentrations in our proposed model, the FM layer decouples from part of the AFM layer because it cannot drag the AFM pinned spins, consequently an exchange-bias effect comes into action while reducing H C . A result of the influence of this effect on H C is the peak which is often found close to T b [8, 28, [41] [42] [43] . In our system ( Fig. 2 (a) ), when the anisotropy of the AFM decreases either due to increasing temperature or increasing Ni concentration, the FM is able to drag more and more AFM spins, thus increasing the coercivity. Just below T b pinning of the Ni x Mn 100−x pinned moments becomes very weak, such that they can merely hinder the FM rotation, and hence EB vanishes.
We studied six bilayer samples with different thicknesses of Ni 22 Mn 78 varying from ∼12 to ∼50 ML. The H C (T ) of these samples for IP coupling is shown in Fig. 8 [26] , that there exists some unusual minority but strongly pinned species of spins in the opposite direction to that of the usual pinned spins. These minority species of strongly pinned spins remains pinned at higher temperatures than the usual pinned spins. This speculation can also explain the behaviour of H eb when decreasing towards zero. Before switching to the small positive value, a small nearly constant or very slowly decreasing negative EB is observed for all IP samples with Ni concentrations of ∼ 38% and ∼ 28%
(insets of Figs. 2 and 4) , which could result from a competition between positive and negative exchange biases. A corresponding small kink in H C (T ), at least for ∼18 ML Ni 28 Mn 72 , can be observed (Fig. 4 (a) ). An increased MAE of Ni x Mn 100−x when decreasing the Ni concentration to ∼ 22% could overcome the pinning strength of the minority spin species responsible for small positive EB just below T b . Therefore, no positive EB is observed for Ni 22 Mn 78 . This result, along with the other results described and discussed in this paper,
shows that the alloy concentration x plays a very decisive role in determining all the magnetic properties of Ni x Mn 100−x , including its crystalline [21] and spin structure [12, 18, 22] .
In the light of the above discussion, we can state that our rotating non-collinear spin model associated with a change in the magnetic anisotropy as a function of the Ni concentration in Ni x Mn 100−x is able to explain all of our obtained results. 
